Extracellular fibronectin (Fn) can activate pro-inflammatory pathways and serves as an endogenous danger signalling molecule; thus, it has been suggested as a biomarker for several diseases.
| INTRODUCTION
Innate host defences recognize pathogens as "non-self" via pathogenassociated molecular patterns (PAMPs) that interact with the pathogen recognition receptors of host cells (Ishii, Koyama, Nakagawa, Coban, & Akira, 2008) . However, the innate immune system also recognizes endogenous danger-associated molecular patterns (DAMPs) derived from host cells undergoing stress, damage, inflammation, and cell death. Danger signalling is considered a beneficial mechanism that protects host cells from further damage (Davis, Wen, & Ting, 2011) . To date, a number of endogenous danger signals have been identified, including human heat shock proteins, uric acid, galectins, thioredoxin, adenosine triphosphate (ATP), high-mobility group box protein 1, amyloid-β, hyaluronan, extra domain A-fibronectin (Fn), interleukin (IL)-1α, and IL-33 (Rock and Kono, 2008; Rosin and Okusa, 2011) .
Fibronectin (Fn) is a high-molecular-weight glycoprotein (~450 kDa) composed of two nearly identical polypeptides linked by disulfide bonds (Feghali and Grenier, 2012) . Plasma Fn is produced in the liver by hepatocytes and is a major protein component of blood plasma (300 μg/ml). Cellular Fn is secreted in a soluble form by different cell types, including fibroblasts, chondrocytes, macrophages, and epithelial cells and is later assembled into an insoluble extracellular matrix. Fn has a multimodular structure organized into functional domains that interact with multiple binding partners such as integrins, heparan sulfate proteoglycans, collagen, glycosaminoglycans, proteoglycans, heparin, fibrin, and bacteria (To and Midwood, 2011) . When organized into a fibrillar network on the cell surface, Fn plays an important role in cell adhesion and spreading, cellular morphology, cytoskeletal organization, opsonization, homeostasis, embryonic development, and wound healing (Hynes and Yamada, 1982) . Altered expression, degradation, and organization of Fn are associated with a number of diseases, including diabetes mellitus (Kim et al., 2012) , atherosclerosis (Orem et al., 2003) , rheumatoid arthritis (Clemmensen, Hølund, & Andersen, 1983; Homandberg, Wen, & Hui, 1998; Mosher, 2006) , osteoarthritis (Xie, Meyers, & Homandberg, 1992) , chronic obstructive pulmonary disease (Man et al., 2008) , coronary artery disease (Vavalle, Wu, Hughey, Madamanchi, & Stouffer, 2007) , and periodontitis (Huynh et al., 2002; Feghali and Grenier, 2012) .
DAMPs are released from host cells following necrotic or apoptotic processes as well as from activated immune cells (Srikrishna and Freeze, 2009 ). The inflammasome serves as a platform for caspase-1 activation, which induces pyroptosis, a form of proinflammatory cell death. Pyroptotic cells are characterized by IL-1β release, inflammatory caspase activation and gasdermin D cleavage (Gaidt and Hornung, 2016; Liu et al., 2016; Shi et al., 2015) . Active caspase-1 mediates the unconventional secretion of leaderless proteins prior to cell lysis (Keller, Rüegg, Werner, & Beer, 2008) . In addition, high extracellular levels of ATP serve as a critical inducer of NLRP3-mediated inflammasome activation. Specifically, extracellular ATP and its metabolites act on purinergic receptors to exert multiple functions that alter the immune and inflammatory responses of cells, including nitric oxide production, the secretion of cytokines and chemokines, and cytotoxicity (Solini et al., 2004; Zimmermann, 2016) .
In the present study, we demonstrated that inflammasome activators upregulate the expression and secretion of Fn through a mechanism involving extracellular ATP and caspase-1 activation in macrophages. We also found that plasma Fn is capable of activating caspase-1 and pyroptosis in various cell types, suggesting an important role of Fn as an endogenous danger molecule in the amplification of inflammatory responses.
2 | RESULTS
| Inflammasome activators induce Fn expression and release
We previously reported that Td92, a bacterial surface protein from Treponema denticola, activates the NLRP3 inflammasome and induces the release of Fn from macrophages (Jun, Lee, Lee, & Choi, 2012) . In the present study, we tested the ability of other inflammasome activators to induce the secretion of Fn. We used Td92 as a positive control and an irrelevant recombinant protein, PP4, as a negative control.
Muramyl dipeptide (MDP), Pam3CSK, Salmonella Typhimurium flagellin, and Td92 all remarkably induced Fn release from THP-1 macrophages within 6 hr, whereas lipopolysaccharide (LPS) and PP4 did not ( Figure 1a , upper panel). As we used serum-free medium, we analysed the LPS response in the presence of recombinant LPS-binding protein (LBP) and CD14, which are required for LPS signalling. We examined two types of LPS from different strains, including LPS B4 from Escherichia coli O111:B4 as a TLR4 agonist and LPS B5 from E. coli 055:B5 as a TLR2/TLR4 agonist. After stimulation with LPS in the presence or FIGURE 1 Fibronectin (Fn) expression and release are induced by Inflammasome activators. THP-1 macrophages and human gingival fibroblasts (HGFs) were stimulated with 10 μg/ml muramyl dipeptide (MDP), 0.5 μg/ml Pam3CSK4 (Pam3), 100 ng/ml flagellin (Fla), 10 μg/ml Td92, 10 μg/ml PP4, or 10 μg/ml lipopolysaccharide (LPS) for 3-16 hr. To deliver flagellin into the cytosol, flagellin was pre-incubated with 1 μl Profect P1 (PF-Fla) for 20 min at RT and the resulting mixture was used for stimulation. (a) Fn and active caspase-1 in the supernatants (Sup) and intracellular Fn, pro-caspase-1, and β-actin in the cell lysates (Cell) were detected by immunoblotting. (b) Fn mRNA expression was determined by real-time qPCR. The data are the mean ± SD of a representative experiment of three performed in triplicate. *p < 0.05 versus non-treated cells (Con) absence of Lipofectamine, we determined Fn expression and release, caspase-1 activation, ATP release, and lactate dehydrogenase (LDH) release. Lipofectamine was used to deliver LPS into the cells. The responses to LPS in the presence of LBP and CD14 were distinct from those in the absence of those components ( Figure S1 ). Regardless of Lipofectamine use, LPS increased Fn release and caspase-1 activation.
LPS B5 induced a stronger response than B4 in terms of Fn release, caspase-1 activation, ATP release, and LDH release. Although the Fn expression induced by LPS B4 was higher, Fn release showed the opposite pattern, suggesting Fn release is dependent on other components than intracellular Fn levels. Inflammasome activators were also assessed for their ability to induce Fn expression using real-time quantitaive polymerase chain reaction (qPCR). MDP, Pam3CSK4, flagellin, and Td92 significantly increased Fn mRNA expression, whereas PP4 and LPS did not increase Fn mRNA expression up to 16 hr after treatment ( Figure 1b , left panel).
Salmonella Typhimurium flagellin stimulates inflammatory responses extracellularly through TLR5 but is recognized by NAIP5-NLRC4 intracellularly (Zhao et al., 2011) . In the latter mechanism, flagellin delivered into the cytosol is sensed by NLRC4 to stimulate caspase-1 activation. In the present study, to compare the intracellular (Villiger, Kelley, Engleman, Kuhn, & McDonald, 1981 2.2 | Inflammasome activator-induced Fn release and expression are mediated via extracellular ATP Extracellular ATP is known to be a critical factor for the activation of the NLRP3 inflammasome and the subsequent regulation of active caspase-1. We previously showed that ATP is an important factor in Td92-induced NLRP3 inflammasome activation (Jun et al., 2012) . (a) THP-1 macrophages were stimulated with 10 μg/ml muramyl dipeptide (MDP), 0.5 μg/ml Pam3CSK4 (Pam3), 100 ng/ml flagellin (Fla), 10 μg/ml Td92, 10 μg/ml PP4, or 10 μg/ml LPS for 1 hr. The ATP level in the supernatants was measured using an ATP bioluminescence assay kit. (b) THP-1 macrophages were stimulated with ATP (0.5 to 5 mM) or Td92 (10 μg/ml) for 16 hr. Fn (Sup) in the supernatants and β-actin in the cell lysates (Cell) were detected by immunoblotting. (c) THP-1 macrophages were stimulated with 1 mM ATP for 0.5 to 3 hr. Fn mRNA expression was determined by real-time qPCR. The data are the mean ± SD of a representative experiment of three performed in triplicate. *p < 0.05 versus non-treated cells cells and ATP hydrolysis by ectonucleotidases (Joseph, Buchakjian, & Dubyak, 2003) . Together, these results indicate that ATP is one of the regulators of Fn expression and release and caspase-1 activation.
To identify the mechanism underlying ATP release by inflammasome activators, we used various inhibitors. The Pam3CSK4-and Td92-induced ATP release from THP-1 macrophages was inhibited in the presence of K + efflux blockers, caspase-1 inhibitors, or a P2X7R antagonist, but not by blockers of the connexin and pannexin channels ( Figure S3 ). In addition, knockdown of gasdermin D with siRNA transfection resulted in a significant reduction in ATP release in response to Pam3CSK4 or Td92 ( Figure S4 ). Although we did not identify the mechanism responsible for the initial ATP release induced by the stimuli, our results indicate that ATP release in response to inflammasome activators was not attributed to direct cell death, but rather by an inflammasome-activated cellular process.
To determine whether the degradation of ATP influences Fn release and caspase-1 activation, we used apyrase, an ATP diphosphohydrolase that degrades ATP to AMP and inorganic phosphates (Yegutkin, 2008) . Figure S6C ). In addition, DPCPX also inhibited ATP-induced Fn release, which was attributed to the degradation of ATP into adenosine ( Figure S6A ). Together, these 
| Fn activates caspase-1 in different cell types
In a previous study, we showed that Fn activates caspase-1 in THP-1 macrophages (Jun et al., 2012) . In the context of the present study, we wondered if Fn could activate caspase-1 in different cell types. activation, IL-1β secretion, and LDH release ( Figure S12 ). Together, these results suggest that Fn plays a critical role in inflammasomeactivated cells by activating caspase-1 and cell death via an interaction with integrin α5β1 in an autocrine or paracrine manner.
| DISCUSSION
In this study, we found that inflammasome activators were able to induce Fn expression and release in THP-1 macrophages via ATP release. ATP-activated caspase-1 contributed to the release of Fn, which also activated caspase-1 and cell death (summary in Figure 6 ).
Extracellular ATP is known to be an NLRP3 inflammasome activator Active caspase-1 in the supernatants (Sup) and pro-caspase-1, integrin α5, integrin β1, and β-actin in the cell lysates (Cell) were detected by immunoblotting individuals, Fn production is significantly higher in alveolar macrophages from patients with interstitial lung disease including idiopathic pulmonary fibrosis and sarcoidosis (Rennard, Hunninghake, Bitterman, & Crystal, 1981) . Foetal Fn in cervicovaginal secretions has also been suggested as a predictor of spontaneous preterm birth in high-risk asymptomatic women (Kuhrt, Hezelgrave, Foster, Seed, & Shennan, 2016 ). In addition, higher expression levels of Fn have been detected in the sera of patients with oral squamous cell carcinoma with lymph node metastasis compared to oral squamous cell carcinoma without nodal involvement, suggesting that Fn may be a biomarker for lymph node metastasis in oral cancer (Chai et al., 2016) . Fn and Fn fragments have also been detected in extracts of cartilage and synovial fluids from patients with rheumatoid arthritis and osteoarthritis (Clemmensen et al., 1983; Homandberg et al., 1998; Xie et al., 1992) .
The gingival crevicular fluid of severe periodontitis sites contains several Fn fragments (120, 68, and 40 kDa) that may be markers of periodontal disease status (Huynh et al., 2002; Feghali and Grenier, 2012 ).
Fn is a major product of human alveolar macrophages, and newly synthesized Fn is rapidly secreted into the medium, with~50%
appearing by 1 hr and~80% by 8 hr (Villiger et al., 1981; Hynes and Yamada, 1982) . Conversely, for fibroblasts, more than 60% of Fn remains associated with cells up to 10 hr after synthesis (Villiger et al., 1981) . In accordance with these findings, we detected the largest amount of Fn in the culture supernatants of THP-1 macrophages after 6 hr of stimulation with inflammasome activators, while Fn was detected in both culture supernatants and lysates of HGFs after treatment for up to 16 hr. Macrophage-derived Fn is antigenically similar to plasma Fn in the blood (Rennard et al., 1981 IL-1β, and IL-8 (Feghali and Grenier, 2012) .
In the present study, we found that adenosine and adenosine nucleotides play a critical role in Fn expression and release in THP-1 macrophages. Different PAMPs and DAMPs, including MDP, flagellin,
Inflammasome activator-induced Fn acts as an inflammatory amplifier. In macrophages, inflammasome activators induce caspase-1 activation (1) and ATP release (2). Extracellular ATP and its metabolites activate purinoceptors (3), resulting in Fn expression and caspase-1 activation (4). Fn release is mediated by active caspase-1 (5). Extracellular Fn, in turn, is recognized by integrin receptors in an autocrine and paracrine manner, resulting in caspase-1 activation and cell death (7) and MSU, have all been shown to significantly induce the release of endogenous ATP in monocytes (Piccini et al., 2008) . Intracellular purine nucleotides, especially in the form of ATP or ADP, are released into the extracellular space during many inflammatory conditions, including inflammatory bowel disease, vascular thrombosis, hypoxia, ischaemia and reperfusion, and acute lung injury (Eltzschig, Sitkovsky, & Robson, 2012) . Roman et al. (2006) reported that inflammatory caspases target gasdermin D to generate its N-terminal cleavage product, which localizes to the cell membrane and forms pores via oligomerization (Gaidt and Hornung, 2016; Liu et al., 2016; Shi et al., 2015) . In this study, we showed that gasdermin D knockdown reduced Fn release by inflammasome activators, confirming the involvement of caspase-1.
Increased Fn secretion has been linked to higher ATP release and hyperactive P2X7 in fibroblasts from type 2 diabetic patients compared with healthy subjects (Solini et al., 2004) . Purinergic receptors are ligand-gated membrane ion channels involved in cellular functions.
Among the purinergic receptors, the ATP-gated P2X7 receptor is a promising therapeutic target in chronic diseases. P2X7 signalling, which requires high concentrations of ATP to activate the P2X7 receptor, leads to K + efflux, resulting in caspase-1 activation, cytokine secretion, and cell death (Mehta et al., 2014) . The P2X7 receptor also acts as a transit channel, serving as a nonselective plasma membrane pore through which hydrophilic molecules can pass (Steinberg and Silverstein, 1987; Solini et al., 2004) . P2X7 is able to detect "danger" signals associated with tissue inflammation and damage and acts as a potent amplifier of inflammation (Cesaro et al., 2010) . For this reason, therapeutic agents targeting purinergic signalling have been developed to control many inflammatory conditions (Mehta et al., 2014) . In addition to P2
purinergic receptors, our study demonstrated that P1 purinergic receptors were also involved in NLRP3 inflammasome activation.
Collectively 
| Preparation of recombinant proteins
Treponema denticola surface protein Td92 and its C-terminal half (Td-B, Jun et al., 2012) were prepared in six-histidine-tagged recombinant form, expressed in E. coli, and purified using an Ni-NTA column (Qiagen GmbH, Hilden, Germany) as described previously (Jun, Kang, Lee, Lee, & Choi, 2008) . A peptide fragment (PP4) of MspTL, a surface protein of Treponema. lecithinolyticum (Jun, Lee, Lee, & Choi, 2007) , was prepared using the same procedure described previously and was used as a nonspecific recombinant protein control. Endotoxin decontamination of recombinant proteins was verified using the Chinese hamster ovary (CHO)/CD14 cell line transfected with plasmids expressing human TLR4 and polymyxin B (Sigma) as described previously (Jun et al., 2012; Lee, Kim, & Choi, 2005) . The actual endotoxin activity of the FBS, 100 U/ml penicillin and 100 μg/ml streptomycin for 6 days. After the adherent cells were detached using trypsin/ethylenediaminetetraacetic acid (EDTA) (Gibco BRL), the cells were seeded into 6-well plates 
| Immunoblotting
Cells treated with different stimuli were washed with chilled PBS and lysed in 50 μl of RIPA buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 50 mM NaF, 1 mM EDTA, 5 μM Na 3 VO 4 , 1 mM PMSF). Lysates were clarified by centrifugation at 13,000 ×g for 45 min at 4°C. Protein concentrations were determined using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL). Cell lysates (100 μg) and 10% trichloroacetic acid-precipitated supernatants were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (12% gel) and transferred onto polyvinylidene difluoride membranes. The membranes were probed with specific antibodies against Fn, caspase-1, P2X7, integrin α5, integrin β1, gasdermin D, NLRP3, or β-actin. Binding of primary antibodies was visualized using horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG (5% CO 2 atmosphere) and washing, the cells were treated with ATP, Pam3CSK4, Td92, or Fn as described previously.
| Fn purification by affinity chromatography
Fn was purified from 5 ml of culture supernatants from Pam3CSK4
(1 μg/ml)-stimulated THP-1 macrophages, 5 ml of human plasma (Lonza, Walkersville, MD), or 5 ml of culture medium using immobilized gelatine affinity chromatography (Gelatin Sepharose 4B; GE Healthcare Life Science) according to the manufacturer's instructions.
The eluents were concentrated with Centricon® filter units (Millipore/100-kDa cut off) by centrifugation. The resulting filtrates were used to treat THP-1 macrophages for 6 hr. 
| LDH assay

| Statistical analyses
Statistically significant differences between experiments were analyzed using unpaired, one-tailed Student's t-tests. Data are shown as the mean ± SD. A p value of <0.05 was considered statistically significant.
